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A facile molten-salt (MS) route for the scalable synthesis of freestanding, long-range oriented and corrugated graphene-like sheets from a copper phthalocyanine (CuPc) precursor is reported. Their unique arrangement and transformation behavior in molten potassium chloride (KCl) play a key role in promoting the successful synthesis of the anisotropic nanostrucure.
The nanoscale morphology of carbon materials strongly influences their physical and chemical properties. 1, 2 The complex interplay between their atomic arrangement, electronic properties, and nanoscale morphology have received considerable attention for two dimensional carbon materials. [3] [4] [5] [6] For example, Bao and co-workers used the thermally generated strains to create periodic ripples with a controlled orientation, amplitude and wavelength. 2 A vertical thermal fluctuation can also result in a corrugated morphology which enables graphene to be thermodynamically stable and possess a periodicity of about 8 nm. 7 Also, a series of long-range ordered structures produced from block copolymer precursors have been designed and realized by Matyjaszewski et al 8 including: a well-organized nanostructured carbon array, 9 densely grafted brushes, 10 and long-range ordered thin films with the thickness range from 100 nm to 1 µm. 11 Building these structures of nanometer width can be remarkably done and with angstromlevel control, but when extending these nanoscale structures to long-range layers, the chemical coupling reactions are often insufficient to maintain the required degrees of polymerization. 12 In this work, we present a facile approach to produce longrange oriented and corrugated graphene-like nanosheets (GNS) by pyrolysis of (CuPc) via a molten KCl system. The unique interaction between CuPc and KCl resulted in a herringbonetype molecular arrangement and it further transformed into nano-corrugated structure. We aim to achieve a better understanding of the growth mechanism and surface morphology of the produced N-doped heterostructure and internal nanostructure of the GNS. The schematic of the MS process used in this work is shown in Figure 1a . Wet chemistry methods performed in solutions provide an ideal reaction environment and sufficient reversible dynamics. The use of MS as the reaction medium emerged as a significant complementary strategy to conventional liquid phase synthesis and to broaden the operational temperature to over 1000 °C. [13] [14] [15] Copper phthalocyanine (CuPc), as shown in Figure 1b , is a planar organic macromolecule where the central copper atom is covalently bonded with two nitrogen atoms of the porphyrin ring and also linked with two nitrogen atoms of the same rings. The symmetry of the molecule, due to a lack a dipole moment and a completely conjugated structure, contributes to its exceptional stability. Almost all the planar CuPc molecules can be arranged in a face-to-face stack, but the stacking overlay of the adjacent molecules and relative arrangements are different. The two different stacking types are named α and β referring to the difference in the angle between the axis perpendicular and in-plane of the stacks (corresponding to α and β phases are 26.5° and 46.8°, respectively). As shown in Figure S1 , there are four possible stacking arrangements of α-CuPc and β-CuPc. 16 Grown on an alkali halide substrate, the two-dimensional arrangement of different Pc molecules are different from one another. KCl is the most suitable substrate for the preparation of highly ordered Pc epitaxial films. 17 As shown in Figure 1d , both α-CuPc and β-CuPc have a herringbone-type molecular arrangement between the columns. 16 But α-CuPc has a larger overlap with neighboring molecules within each molecular column and this relates to a larger lattice constant. It should be noted that, (i) the copper atom at the center of each molecule is coordinated with the nitrogen atoms of the adjacent molecules and forms a distorted octahedral geometry; (ii) the π electrons in one molecule and the peripheral hydrogen atoms of the molecules in adjacent stacks are in close proximity which results in a stabilized crystal lattice of the β-CuPc. Multiple works have indicated that their phase transformation can be achieved by thermal treatment. 18, 19 Therefore, during the pyrolysis process shown in Figure 1a , from ~250 °C, 18 α-CuPc will undergo a phase transition to β-CuPc. Then, the more stabilized β-CuPc will deposit on the well-matched KCl substrate with a herringbone-type molecular arrangement as shown in Figure  1d . Importantly, the growth mechanism of CuPc on alkali halide substrates has been studied and a combination of three factors shown that KCl is the best substrate for its regular arrangement: (i) a higher strength of electrophilic interaction which is following the degree of ionic strength of the substrates; (ii) a higher strength of net interaction which refers to the distance between the electron-attracting cations and the opposite azobridging nitrogen atoms; and (iii) the growth axis symmetry of the KCl substrate favorably directs the possible crystallite growth directions. 16, 17, 20 Therefore, the carbon geometry will possibly maintained during the pyrolysis process because of their exceptional stability and regular arrangement. Furthermore, samples synthesized at a wide temperature from 600 °C to 900 °C or with different molten salt system have been studied and supported our inference ( Figure S2 and Figure S3 ). The obtained products were denoted by xKCl-GNS, where x refers to the percentage of CuPc in the precursor. Figure 2 presents TEM and AFM characterization for the 1KCl-GNS. Figure 2a shows clearly that CuPc was converted into thin sheets. Notably, a long-ranged regular corrugation was found on the surface. With a higher magnification in Figure 2b , a periodic ripple-like morphology was observed with a periodicity of ~ 5 nm. The thickness of the layer can be further confirmed with AFM analysis. As shown in Figure 2c and 2d, a smallest thickness value of 3.5 nm (± 0.3 nm) was observed for 1KCl-GNS. Additionally, measurements with more than ten different flakes indicate that the majority of the flakes have the thickness ranging from 2.0 nm to 4.5 nm. Topography of the 1KCl-GNS nanosheets was presented by the 3D AFM image in Figure 2d , where an ordered surface fluctuation can be observed which matches well with the ripple in Figure 2b . Scanning transmission electron microscopy (STEM) imaging combined with Electron energy-loss spectroscopy (EELS) are powerful tools to analyze the microstructure of a material. Figure 3a shows a bright field STEM (BFSTEM) image of the synthesized graphene-like flake and inset is the corresponding selected area diffraction (SAED) of the flake. The diffraction rings are consistent with polycrystalline graphene. 21 Another dark field STEM (DFSTEM) image in Figure 3b further illustrates the morphology of one flake which is suspended on the lacey carbon support and shows oriented nano-corrugations (as highlighted in the figure) and a micro-scale wavy terrain. Furthermore, a high resolution BFSTEM image of the edge is shown in Figure 3c to confirm the multilayer structure of the flakes. The interlayer spacing inside the material is 3.6 ± 0.2 Å, suggesting a graphitic-like structure. Figure 3e and 3f presented the magnified images of Figure 3d , showing the stacked flake with steps across it. Low loss EELS was used to obtain the thickness map using the log ratio method (see Methods for more detail). The height of the steps is 4 nm, and this matches well with the AFM data presented above. The EELS maps of a stacked flake was further investigated in Figure 3g , 3h and 3i. Each terrace displays a uniform elemental distribution. These results match well with the thickness of the thin flake and indicate that the most stable phase of the assembled CuPc precursor is probably about ten layers (see Figure 3c) . The uniform C (Figure 3g ) and N (Figure 3h ) distribution is consistent with its formation from Pc molecules. Additionally, Figure 3i shows the oxygen distribution and its increased presence at the terrace steps can be attributed to chemisorbed oxygen species. XRD and XPS analyzes of the sample were carried out to obtain a better understanding of the synthesized materials composition in Figure S4 .
Polarized Raman spectroscopy has been further used for a better understanding of the nanostructure of the layer. As previously demonstrated, 22, 23 within the spot size (~2 µm) of the Raman laser graphene can be regarded as crystallographically 'isotropic', 24 hence the Raman band intensity stays constant regardless of the angle between the polarization of the laser and the crystallographic orientation of the graphene. However, the presence of anisotropy in the structure, e.g. corrugations and edges, leads to a change in its polarizability tensor, which further causes the Raman band intensity varying as the angle between the directions of the edge and the laser polarization. 22, 23 As shown above in the STEM (Figure 3) , the nanocorrugations are uniformly distributed over the graphene-like sheet unidirectionally. The Raman spectra of one graphene-like sheet are shown in Figure S5 . It can be seen that the I G reaches the maximum when the Raman laser polarization is at 70 o to the corrugation direction; while minimum when the angle is around 160 o . The curve fitting to obtain the I G is also shown as the inset. To interpret this, the structure is regarded as the analogy of an array of carbon nanotubes that lie along the direction of the corrugation (Figure 1e) . As demonstrated earlier, 25 the Raman band intensity shows strong dependence of the axial direction of carbon nanotubes, where a maximum presents when the incident Raman laser polarization is parallel to the carbon nanotube axis while minimum when they are perpendicular, as below:
where θ is angle between the laser polarization and the corrugation direction and θ o is the offset of θ that denotes the angel of the corrugation direction. On this basis, several graphene flakes of 1KCl-GNS have been tested, the variation of the normalized I G as the function of angle θ is shown in Figure  4 . The degrees of corrugation can be characterized by the ratio of A/(A+B)-R (Eq.1), where the higher the R value the heavier of the corrugation. 23 The extreme would be A=0 and B=1 for completely flat graphene but as the graphene starts to corrugate, the anisotropy increases, thus the value of A increases. It can be seen from Figure 4a , 8b, 8c and 8d that all of the four flakes have a minimum intensity around 0.7-0.8, but the one in Figure 4a has the highest degree of corrugation, while the one in Figure 4c being the flattest. It is noted that the I G variation in (Figure 4d ) does not quite follow the behavior as the other three do, and it is thought to be due to the defective layers are stacked in the third dimension and form a thick layer, the corrugation of the adjacent layers can hardly keep the same orientation and thus an irregular corrugation presents ( Figure  4d) . Apart from the variation of I G , the position of G band ω G , as well shows the angular dependence on θ, as shown as the blue dots in Figure 4 . Although very scattered, the ω G is nearly 90 o out of phase of the variation of I G . This is because the Raman band position will upshift as compression while downshift for tension. 26 It can be found the ω G reaches high wavenumber, corresponding to compression, when I G is about the minimum, implying at the transverse direction of the corrugation the graphene is compressed, further confirming the model that is proposed above. To summarize, all the spectral analysis and the morphology characterizations have strongly supported our suggested model about the formation of the rippled N-doped graphene-like sheets. With a reasonable thermal treatment process, CuPc tends to arrange into purified β-phase columns, and the columns then form thin layered herringbone-type arrangements in molten KCl. Also, the molten KCl not only stability, despite the dehydrogenation and denitrogenation processes happening simultaneously during the pyrolysis procedure the corrugated β-CuPc arrangement maintain its backbone, and thus the long-range corrugated graphene-like layers were formed. As the insufficient of dynamics will always restricted the further polymerization or physical modulation, the facile strategy presented here provided a good alternative for fabricating the long-range, well-defined and free-standing periodic nanostructure.
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